The neutrino emissivity from the proton branch of the modified Urca process is calculated. Angular integrations in momentum space are performed numerically without recourse to widely used, but unjustified in this specific case, approximations. To deal with nuclear correlation effects, the independent-pair approximation for nucleon quasiparticles is assumed. The realistic nuclear correlation effects are extracted from a modified extended version of the lowest-order constrained variational method in asymmetric nuclear matter in β equilibrium with electrons and muons that allows for three-body nucleon interactions and fits all semiempirical saturation parameters of nuclear matter quite well. Two-body nucleon interaction is modeled by a realistic Argonne AV18 potential and the three-body potential used is a phenomenological Urbana UIX, generalizing parametrization of its component strengths in a manner suitable for application in asymmetric nuclear matter. Limiting to the two-body forces only, we find that, at fixed temperature, neutrino emissivity is a (weakly) decreasing function of density. This is also the case for the neutron branch of the modified Urca process analyzed by us in a recent paper. Inclusion of the modified three-body force effects changes this behavior. Quantitatively the value of the emissivity at each density increases and qualitatively the overall effect of the modified three-body force addition is such that dependence on density becomes weak in a density range from n 0 to 3.5n 0 . An updated version of neutron branch results obtained using our modified three-body force model is also presented. This is done using exact treatment of the angular integrations of nuclear transition rate in momentum space.
I. INTRODUCTION
Cooling of neutron stars (NS), both for isolated (solitary) NSs and for transient x-ray sources in low-mass x-ray binaries in quiescence provides valuable information about the physics of superdense matter in NS cores [1] . Many physical properties of dense matter are involved in the cooling process of a NS, but the rate of neutrino emission from the stellar core is perhaps the most important one. This property depends on the composition of superdense matter and the equation of state (EOS), determined by nuclear interactions. The simplest model of a NS core is neutron matter with an admixture of protons (nuclear matter with a very large neutron excess) permeated by a uniform gas of electrons and muons to make the matter electrically neutral and in β equilibrium. Only such nucleon cores of NS are considered in the present paper.
During about a minute after their birth in the core collapse of a massive star at the center of a supernova explosion, NSs are extremely hot (T ∼ 10 11 K) and opaque to neutrinos produced by weak-interaction processes in their interiors. Later, as soon as their internal temperature goes down to T ∼ 10 9 K, NSs become transparent to neutrinos. We are dealing then with young NS cooling for 10 5 −10 6 years through neutrino emission from its interior and so providing important information about the interparticle interactions in a superdense matter [1] .
Neutrinos are generated in many different reactions in the neutron star's crust and core; however, the emissivity of those produced in the stellar core is more efficient. For a review of the crust and core neutrino reactions we refer to the literature [2] . Among all neutrino emission processes, we are interested in those in which nucleons' two-body correlations play the crucial role. These are the so-called modified Urca (hereafter called Murca) processes and the nucleon bremsstrahlung. However, the nucleon bremsstrahlung is not studied in the present paper. When the proton fraction is below a threshold value, which is 1/9 ≈ 11% when muons are absent, and is somewhat higher in the presence of muons, the direct Urca (Durca) process (neutron β decay and its inverse) is prohibited due to the simultaneous energy and momentum conservation restriction. However, the nucleon Murca processes can proceed even then, due to the interaction with an additional neutron or a proton acting as momentum provider or absorber, but of course not participating in the β process (active spectator nucleon). In the case of a neutron (proton) active spectator the process is called a neutron (proton) branch of the Murca process. The neutron branch of the Murca process (Murca-n) can proceed at all densities, but since the proton abundance is much smaller than the neutron one in the neutron star matter, the proton branch (Murca-p) process has a density threshold. It can be shown that in an npe matter (where n, p, and e stand for neutron, proton, and electron, respectively) with number densities n n , n p = n e , and baryon density n b = n n + n p , the proton fraction Y p = n p /n b must be at least 1/65 [2] for the Murca-p process to proceed. For EOSs with not unusually low symmetry energy, this condition is satisfied almost anywhere in the neutron star core [2] .
A firm knowledge of nucleon-nucleon interaction is needed if one plans to make the calculation of neutrino emissivity from the Murca processes as reliable as possible. Different approaches have been followed so far. They were reviewed in detail in our previous paper on Murca-n [3] (hereafter referred to as paper I). In paper I we calculated the neutrino emissivity from the Murca-n process using an independent-pair approximation for nucleon quasiparticles. The emissivity was expressed in terms of realistic nucleon-nucleon correlation functions. We used the two-body correlation functions extracted from a microscopic variational many-body approach, the so-called lowest-order constraint variational (LOCV) method. We obtained the density dependence of the in-medium nucleon-nucleon cross section relevant for the calculation of Murca neutrino emissivity through employing the density dependence of these correlation functions. We showed that considering such a dependence through using realistic bare two-body force (2BF; we applied the AV18 potential as the two-body interaction) leads to a dramatic change compared to other works. We also examined the effect of three-body forces (3BFs) on the emissivity by applying the correlation functions arising from the extended version of the LOCV approach [4] . A strong effect on the Murca-n emissivity was obtained. However, the extended version of the LOCV method used in paper I overestimated the nuclear symmetry energy at saturation density and this led to a rapid growth of the proton fraction at high densities which had an important effect on the value of the Murca-n emissivity. Moreover, the Durca process started to operate at quite low densities (n b ∼ = 0.25 fm −3 ). The low value of the Durca threshold density (n Durca ∼ = 0.25 fm −3 ) obtained in Ref. [3] deserves a comment related to its astrophysical context. The Durca process does not operate in the cores of NS with M < M Durca where M Durca is the mass of a NS with central density n Durca . Recent statistical analysis of x-ray observations of cooling NSs, both isolated and those which are transiently accreting in low-mass x-ray binaries, suggests that M Durca ≈ 1.6M −1.8M [5] . This would imply that n Durca ∼ = 0.25 fm
could be too low to be consistent with cooling NS data, and a higher n Durca would be more appropriate. Notice, however, that this constraint is still model dependent, as shown in a recent paper, where examples of microscopic calculations of the equation of state and superfluid gaps based on the same realistic nuclear forces are given, yielding M Durca ≈ 1.1M , with cooling NS models still consistent with x-ray observations [6] . An essential problem with models developed in Ref. [3] was associated with very large 3BF contributions to the nuclear symmetry energy E sym and its slope parameter L: they led to values well above the best semiempirical estimates of these quantities. This situation motivated the authors of Ref. [4] to a further work on the 3BF inclusion in LOCV and finally they came up with the modified extended version of the LOCV method (3BF (M) hereafter) that restricts the symmetry energy and its slope parameter around 34 and 77 MeV, respectively, at saturation densities which are well within the standard range [7] . The modification of 3BF (based on the Urbana IX (UIX) 3BF model) leading to the 3BF (M) model used in the present paper does not alter the values of the saturation density, binding energy, and incompressibility of symmetric nuclear matter, calculated using the extended version of the LOCV method: they are quite the same as in Refs. [3, 4] . However, this modification of the 3BF model results in acceptable lower values of E sym and L, and shifts the Durca threshold upward.
The first estimate of the neutrino emissivity in the Murca-p process, whose possible importance was first outlined by Itoh and Tsuneto [8] , was made by Maxwell [9] . He applied the same method used in his common paper with Friman [10] in which they calculated the rate of neutrino emission in the Murca-n process describing the long-range component of the nucleon-nucleon interaction by the one pion exchange potential model and the short-range one by the density-independent symmetric nuclear matter Landau-Migdal parameters [11] . Owing to the different nucleon species involved in this branch compared with the neutron one, dealing with multidimensional angular integrals, appearing in the averaging of the nuclear matrix element over particle momenta orientations, is not straightforward. In fact, no simple approximation like the triangle one, which is common in Murca-n calculations and leads to an angle-independent nuclear matrix element as a result, can be found in the Murca-p case. To handle this problem, Maxwell applied an unrealistic assumption that the electron momentum in the momentum conservation condition (enclosed in the δ function argument) can be neglected compared with all nucleons momenta. This led to the prediction that the energy loss rate of the proton branch is completely negligible compared with the neutron one. Applying the same method as in Ref. [10] , Yakovlev and Levenfish [12] showed that neglecting the electron momentum would introduce more serious errors than considering an angle-independent nuclear matrix element. So, employing an angle-independent matrix element, they obtained the energy loss rate contributed from the Murca-p process comparable with the neutron one. However, they, in turn, overestimated the neutrino emissivity from the Murca-p branch due to the incorrect calculation of the remaining angular integrals (see Ref. [2] ). This overestimation was partly removed by correcting the angular integral formula in Ref. [2] but the conclusion that the p-branch energy loss rate is as important as the neutron one was not altered.
In the present paper we calculate the neutrino emissivity of the Murca-p process using a different description of the nuclear interaction effect. Since this branch, although suggested to be as important as the neutron one, has not been analyzed in detail so far, this calculation seems relevant. To satisfy this purpose, we follow the method described in paper I. However, two important differences should be noticed. First, as was mentioned before, in contrast to the Murca-n case, where the triangle approximation could be applied, we could not find any approximation for simplifying angular integrals appearing in the squared matrix element averaged over the particles' momenta orientations. Were the nuclear matrix elements independent of the relative nucleon momenta orientations, we could apply exact analytical formulas recently obtained in Ref. [13] . However, with our LOCV nuclear rates we have to take this dependence into account and, dealing with the multidimensional angular integrals being inevitable as a result, we decided to apply direct precise numerical integrations to calculate relevant integrals (we call this procedure the exact numerical method). We also apply the exact numerical method in the Murca-n case, which was calculated in paper I using the triangle approximation to check the precision of the triangle approximation. Second, we analyze the outcomes of the modified extended version of the LOCV 3BF-affected correlation functions [7] on both p-and n-branch correlation factors and neutrino emissivities. We therefore present not only the Murca-p emissivity, but also an updated version of Murca-n results. We show that respecting the experimentally acceptable range of values of E sym and L has important consequences for Murca emissivities.
The paper proceeds as follows. Section II is devoted to a brief explanation of the extension of the formalism developed in paper I for calculating the neutrino emissivity of the Murca-n process, to the case of the p branch and casting an analytical expression for Murca-p neutrino emissivity involving realistic nuclear correlation factors. In Sec. III we present our results, regarding both Murca-p and Murca-n processes, with and without 3BF effects. Finally, our discussion and conclusions are presented in Sec. IV. Our approach for dealing with multidimensional angular integrals is explained in the Appendix.
II. NEUTRINO EMISSIVITY FROM THE p BRANCH OF THE MODIFIED URCA PROCESS
In a neutron star core composed mainly of neutrons with an admixture of protons, electrons and muons with density n n , n p , n e , and n μ respectively and T < 10 9 K, nucleons and leptons constitute a strongly degenerate Fermi systems. Nonsuperfluid (normal) nuclear matter is under our consideration throughout this paper. Leptons can be regarded as free Fermi gases. Nucleons which interact via strong (nuclear) forces and form a strongly asymmetric nuclear matter (n n n p ) in equilibrium with respect to weak interactions, can be described using the Landau theory of Fermi liquids [14] . In this theory nuclear matter is replaced by a system of nucleon (Landau) quasiparticles. The Fermi momenta for quasiparticles coincide with those for non-interacting Fermi gases of nucleons of number densities n n and n p . Only empty states below Fermi surface and occupied states above it are physically relevant for neutrino emissivities. Nuclear matter in NS core is strongly degenerate and the relevant quasiparticles form a dilute Fermi gas, so the wave-function of the many-body initial and final states in the Murca processes can be calculated using the independent-pair approximation. For more detailed explanations we refer to Paper I. In what follows by 'nucleons' we mean 'nucleon quasiparticles'.
As was mentioned in the introduction, the Murca process proceeds with an extra nucleon (active spectator particle) that provides the energy and momentum balance by its correlation to the main nucleon, i.e. one undergoing charged current weak interaction, via nuclear force. In the Murca-p process this extra nucleon is a proton:
The above notations for the particles' momenta and spins will be used throughout the paper. The inverse process is
Above the muon threshold, the Murca-p reactions are also possible with electrons replaced by muons. = 0.0154. The Hamiltonian density operator for Murca-p-e processes generated by charged current weak interaction, in the nonrelativistic nucleons approximation, iŝ
where the summation over repeated indices is assumed. In this equationψ are the particles' field operators, G is the Fermi weak-interaction coupling constant, c A is the axial vector renormalization factor, and σ and γ are Pauli and Dirac matrices, respectively. The neutrino emissivity from reactions (1) and (2), adopting the notations of Eq. (1), is then
where
, and E p ( p p ) are nucleon (quasiparticle) energies, E ν e = cp ν e is the anti-neutrino energy, and E e is the electron energy. Electrons are treated as free Fermi gas. The factor 1 2 is necessary to avoid the double counting of the pp states. The functions n j [E j ( p j )] are the Fermi-Dirac distributions. The quantity |M if | 2 spin is the spin-averaged squared matrix element of the weak-interaction Hamiltonian. For estimating this quantity we adopt the independent-pair approximation for nucleon quasiparticles and construct the initial and final correlated state vectors in the case of the Murca-p-e process in the same way as for the Murca-n-e process in paper I. Again, by applying the notation of Eq. (1),
with f s, the pair correlation functions, having the same definition as in paper I. Applying the energy-momentum decomposition due to the high degeneracy of neutron star matter constituents, we finally obtain the expression for the Murca-p-e neutrino emissivity:
are nucleon effective masses, and
is the angular factor. The dimensionless factor R p which contains the effects of nuclear forces through correlation functions is a function of particles' momenta as
Here, P 2 is the Legendre polynomial of degree 2 and k = |k|,k = k/k, where
The F functions are given by
where j l (x) are the spherical Bessel functions of order l. Applying the constraints imposed by the δ function, Eq. (8) can be rewritten in the form appropriate for numerical integration:
wherek 1 ,k 2 , andk 1 are unit length vectors determining the directions of the momenta of the three protons and α p is the dimensionless factor to be calculated. A similar approach is applied for numerical calculation of R p . A brief explanation of the numerical procedure of α calculation is presented in the Appendix.
Recently general exact analytic formulas were obtained for the integrals over directions of momenta of degenerate fermions participating in the major neutrino reactions [13] . This allowed us to check directly the precision of our method of numerical calculation of A p and, indirectly, the precision of the numerical calculation of R p .
Putting calculated factors into Eq. (7) and substituting the appropriate values for the constants appearing there, we obtain an expression for the electron neutrino emissivity from the Murca-p process, suitable for numerical calculations:
where T 9 = T /10 9 K, and (x) = 1 for x > 0 and is zero otherwise.
Muons are present in NS matter when the electron Fermi energy (including electron rest energy) exceeds the rest energy of the muons. Then the muon neutrino emissivity from the Murca-p-μ process is obtained from the Murca-p-e one via inserting the phase space reduction factor k Fμ /k Fe . We also need an extra step function (k Fe − k cμ ), where k cμ = 0.517 fm e . In the Murca-n process analyzed in paper I, the correlation factor R n could be expressed in a closed analytical form through an angle-independent procedure by applying the so-called triangle approximation, i.e., by neglecting the electron and proton Fermi momenta compared to the neutron momenta. In the Murca-p case, however, we have a proton as the active spectator and the triangle approximation is not applicable. Neglecting proton momenta compared to the neutron momenta would lead to a severe overestimation of the emissivity. Therefore, we applied the precise numerical integration method to calculate the exact average of the squared matrix element over particle orientations. Of course, the same procedure could be applied to get an exact value of Q Mn(e) ν , with no triangle approximation. The final expression for the Murca-n-e emissivity reads then
where R n has the same form as R p , with obvious changes concerning the spectator nucleon. The angular integral is
wherek 1 ,k 2 , andk 1 are the unit length vectors determining the directions of the momenta of the three neutrons.
III. RESULTS
As is seen from Eqs. (14) and (15), neutrino emissivities depend directly on five quantities that enter the factors in the formulas: the particle abundances Y i , the baryon number density n b , the nucleon effective masses m * n and m * p , the correlation factors R n and R p , and the α n and α p factors which encapsulate the kinematic effects resulting from the momentum conservation. All these quantities depend directly or indirectly on the nuclear many-body method adopted for describing the nuclear matter in a NS core and also the strong interaction description. As in paper I, we adopt the LOCV many-body approach with both the 2BF AV18 and the 2BF plus Urbana UIX-like model 3BF Hamiltonian for extracting particle fractions and the correlation functions. But as was also explained in paper I, since the effective masses for asymmetric nuclear matter have not been calculated within the LOCV approach yet, we apply those obtained within the BruecknerHartree-Fock (BHF) [15] method. This is justified by noticing that the nucleon correlation functions obtained within these two approaches are quite similar [16] .
As was explained in the Introduction, the extended version of the LOCV method used for extracting 3BF-affected correlation functions in our analyses of the emissivity in paper I (3BF (I) ) does not yield the symmetry energy in its proper range. Actually, the symmetry energy in paper I is far above its semiempirical range. As it turned out, this resulted from an error in constructing 3BF (I) . Consequently, the effective 3BF had to be corrected and the present 3BF (M) yields the values consistent with semiempirical saturation properties [7] . The corrected version, however, leads to different particle fraction predictions compared to those in paper I. Since the calculated Murca neutrino emissivities depend on particle fractions, this will influence the results directly; however, the correlation functions are also affected and this influences the results too.
In Fig. 1 , we presented the different predictions for the density dependence of Y p . The dotted curve corresponds to 3BF (M) , which yields symmetry energy E sym = 34.17 MeV and slope parameter L = 3n 0 (dE sym /dn) n=n 0 = 77.33 MeV. As we see, the proton fraction grows with density and then after passing through a maximum at n 0.45 fm −3 starts decreasing. It is slightly higher than the pure 2BF prediction at all densities except for densities higher than 3.5n 0 . It never reaches the Durca threshold. For the sake of comparison and to emphasize the influence of the symmetry energy we show also, using the dashed line, the proton fraction obtained in paper I, where 3BF (I) was used with E sym = 37.4 MeV and L = 116 MeV, outside the accepted semiempirical range. As already stated in paper I, the 3BF contribution to the energy per baryon plays a crucial role in determining the proton fraction.
One can see in Fig. 1 that the 3BF (I) of paper I allows for the Durca process for n b > 0.25 fm −3 , while our 3BF (M) does not allow for the Durca process at any density considered.
In paper I the correlation factor of the Murca-n process became momentum-angle independent by employing the triangle approximation. In Sec. II of the present paper we avoided this approximation and used an exact approach via precise numerical integration for the Murca-p emissivity. Then we showed how to apply this approach for the Murca-n branch as well. Therefore, we can compare the previous triangleapproximation results for Murca-n with those obtained within an exact procedure. Figure 2 shows the results of this comparison using only the 2BF for calculating R n . Including full momentum-angle dependence (hereafter referred to as kinematic effects) through using precise numerical integrations implies the disappearance of a rather sharp minimum in the central (C) correlation part of R n at around n b ≈ 0.25 fm −3 : it was an artifact of the triangle approximation. However, the complete C + tensor (T) result is only weakly affected by the triangle approximation.
From now on we limit ourselves to the case of the precise treatment of momentum integrations. First consider the differences between the contribution of C and T correlations to R n and R p , assuming first 2BF, and then 2BF+3BF (M) interaction. These differences are visualized in Figs. 3 and 4 .
In the 2BF case, for n 0 < n b < 3n 0 , the C correlations contribution to R n is growing as shown in Fig. 3 , while the T contribution, dominating at n 0 < n b < 2n 0 , is decreasing, and above 4n 0 the T contribution is no longer very important. Considering the contribution of the 3BF, above the saturation density the correlation factors have increased due to the weaker repulsion among nucleons introduced by 3BF (M) . This increasing effect is so strong that at densities higher than 2n 0 the C contribution in the case of adding the 3BF has become larger than the C+T contribution in the case of the 2BF. Considering the 3BF result at different baryon densities, it is seen that the T contribution is nearly constant.
Consider now the density dependence of the C and C+T correlation factors in the Murca-p process, Fig. 4 . Noticeable at first glance is the weak effect of the T component at all densities. In contrast to the n branch, the tensor component of the correlation factor is not so strong even at lower densities. Since proton-proton and neutron-neutron correlation functions are not very different, the difference between R n and R p results from the strongly different momentum ranges (kinematic effects) involved.
Another noticeable fact is that, for the same reason, R p is larger than R n at lower densities. The 2BF curve starts from n b = 0.1 fm −3 because at lower densities the Murca-p process is forbidden.
After investigating the effects of 3BFs on particle fractions and the correlation factors, we plotted in Fig. 5 the electron neutrino emissivity vs baryon density resulting from FIG. 5 . Electron neutrino emissivity of β-stable matter at T = 3 × 10 8 K, obtained using 2BF only (dashed lines) and two-body plus 3BF
(M) (solid lines) for the angle-dependence considered n-and p-branch Murca processes. For the explanation of the low-density behavior of the p-branch emissivity with 2BF interaction only, see the caption to Fig. 4 .
Murca-p-e and Murca-n-e processes in npeμ matter, with and without 3BFs. These results are obtained for
(n b , T ) curves at any T < 10 9 K can be cast, assuming the absence of nucleon superfluidity, using the scaling relation
and similarly for the Murca-n branch.
As it could be expected from phase space considerations, the n-branch emissivity is higher than the p-branch one but the p-branch emissivity is not negligible at all. The 2BF (depicted by the dashed line) affected curves predict a monotonically decreasing trend for the emissivity in both branches. The addition of 3BF (M) has increased the value of the emissivity at all densities compared with the 2BF case and the dependence on density has faded for densities higher than n 0 . However, in the p-branch process at densities higher than about 3n 0 the emissivity curve becomes descending due to this branch's high sensitivity to proton abundance.
Comparing with the 3BF-affected results obtained in paper I, Murca-n emissivities obtained in the present paper are higher, especially at high densities (e.g., by an order of magnitude at n b = 3n 0 ) and only weakly dependent on the density change. The 3BF model used in paper I has not been applied for estimating the energy loss rate in the Murca-p process, but since the proton abundance is more important in the p branch, it can be concluded that 3BF (M) has an even greater effect here.
IV. DISCUSSION AND CONCLUSION
We calculated the emissivity of electron neutrinos in the p-branch Murca process in an npeμ model of the neutron star core and compared it with our updated n-branch results. The applied approach is the one described in the recent paper by the same authors (paper I), where we studied the n-branch Murca process only. Owing to the particular kinematic conditions on the particle momenta in the n branch (three neutrons vs one proton and one electron), we could neglect the nuclear matrix element angle dependence, and calculate the angular integral by using the triangle approximation, i.e., neglecting the proton and electron momenta compared with neutron ones. All our results in paper I were valid within this angle-independent approximation. In the case of p-branch processes, considered in the present paper, the kinematic conditions are different: three protons vs one neutron and one electron, so the proton momenta and their orientations do play an important role. So, no simple kinematic approximation can be found here [2, 12] . Although very recently it was shown that the angular integrals of the phase space available for the neutrino emission processes in degenerate neutron star matter can be calculated analytically [13] , we have still to integrate over the angles due to the momentum-transfer-dependent transition rate. We performed the remaining angular integrations using precise numerical techniques. We also reconsidered the n-branch process accounting for the angle-dependent effects and we could conclude that neglecting exact kinematic effects even in a case like n-branch Murca process, which up to now has been always analyzed angle independently, can lead to some inaccuracy. For our nuclear transition rates, considering these angle-dependent effects is inevitable and crucial in the case of the p branch. This was not the case for the one-pion-exchange (OPE) approximation for the nuclear transition rates, which were found to be, to a good approximation, angle independent [2, 10] .
We also analyzed the effect of 3BFs on the neutrino emissivity from both branches of the Murca process. As was explained in previous sections, the 3BF (M) approach used in the present calculations is modified with respect to the version applied in paper I. Owing to the modification and correction done, the symmetry energy value and its density slope are reproduced within their present semiempirical range [7] and consequently a different prediction of the neutrino emissivity density dependence for 3BF (M) is obtained compared with 3BF (I) . The 3BF consideration and its correct treatment turn out to be as decisive for the Murca emissivity as for the calculated values of symmetry energy and its slope parameter. It is also particularly important for blocking the Durca process.
The meaning of the 3BF used in our LOCV calculation and its adjusting to the semiempirical nuclear matter parameters deserve a comment. We should first stress a basic difference between the phenomenological 2BF and 3BF. The 2BF (in our cases AV18) is a two-nucleon interaction in vacuum and fits thousands of nucleon-nucleon scattering data as well as the deuteron parameters. The UIX-like 3BF in nuclear matter is adjusted to semiempirical saturation parameters, after specific averaging over positions of the third nucleon. Saturation parameters, however, do not result from a 3BF in vacuum (which might be good to fit triton or α-particle properties). They result from all N > 2 forces, which at n 0 are dominated by 3BFs. However, the N > 3 contribution is non-zero and one expects that this contribution grows rapidly with density. After averaging over positions of N > 2 nucleons we get an effective contribution to the 2BF that we use in our LOCV calculations.
Comparing our results with previous work on Murca-n and Murca-p emissivities, we will limit ourselves to results plotted in Ref. [2] because in that review errors in older results obtained using the OPE approximation for the matrix elements [9, 10, 12] were identified and corrected. In Fig. 6 we compare our results obtained for the electron plus muon neutrino emissivity with 2BF+3BF (M) interaction with density dependence of Q Murca for the n and p branches at 3 × 10 8 K (right-hand panel in Fig. 12 of Ref. [2] , denoted by the label Yak2001).
What seems interesting at first glance is the qualitative agreement of the curves' trend in the density range shown and the coincidence of their values at 3n 0 . The method used in Ref. [2] is based on the one-pion exchange 2BF combined with Migdal-Fermi-liquid central correlations. And yet our LOCV method to treat correlations, based on realistic 2BF and a phenomenological 3BF, predicts values which are just 60% greater than the results of Ref. [2] around saturation density.
For densities higher than 0.5 fm −3 , however, our results, especially in the p branch, become descending as can be seen in Fig. 5 . This behavior is of course very different from the density dependence of lgQ Yak2001 Murca-n which consists in a moderate monotonous growth. This difference can be especially ascribed FIG. 6 . Density dependence of the electron plus muon neutrino emissivity from the Murca-n and Murca-p branches (LOCV, 2BF+3BF
(M) ) compared with results obtained using the OPE approximation in Ref. [2] (label Yak2001). The range of density is the same as in Fig. 12 of Ref. [2] . to our microscopically calculated particle fractions apart from the different treatment of the nucleon correlations and the nucleon effective masses. In Ref. [2] the particle fractions are treated and obtained through an approximate method and also the short-range correlations are included via the constant (i.e., density-independent) Fermi-liquid parameters and effective masses, estimated at n b = n 0 . In our case we include density-dependent central and tensor correlations and particle fractions calculated in the LOCV approach and effective masses calculated using the BHF theory. Our correlation functions exhibit healing property for their central component (f c −→ 1) while our tensor correlation functions vanish for the interparticle distance larger than a healing distance. In addition the LOCV proton fraction is a function of density that reaches (a flat) maximum at ∼3n 0 . So it is not surprising that at high densities (>3n 0 ) our treatment predicts completely different results compared with the OPE model. Notice that comparing our results obtained with 2BF only (Fig. 5) with the results of Ref. [2] shows a dramatic difference in value and trend of curves especially in high densities. So accounting for the 3BF effects in neutrino emissivity calculations is shown to be necessary for obtaining reliable results.
We come to the following conclusions. The LOCV calculations with the presence of 3BF give similar Murca-n and Murca-p emissivities as the OPE and central Fermi-liquid correlations used in Ref. [2] at densities below 3n 0 . We confirm that the Murca emissivities are determined not only by the nucleon two-body correlations and effective masses, but also indirectly by the N > 2 forces in nuclear matter via particle fractions. For high density (>3n 0 ), we obtain different results compared with Ref. [2] . Therefore, the importance of more precise treatment of nucleon interactions seems to manifest at higher densities, which is most natural. It should be stressed, however, that, even in the absence of fast cooling mechanisms of the Durca type, our improvements of the Murca emissivity will have no impact on the NS cooling curve, which is then determined by the nucleon superfluidity and the composition of the surface envelope [1] .
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APPENDIX
The dimensionless integral over angles to be calculated is
Following the standard procedure explained in Appendix F of Ref. [17] , we have to choose a suitable z axis that must be kept fixed during the whole angular integration process. In our case, the chosen z axis coincides with the direction of the vector k 1 + k p − k 2 . So we have to integrate
where θ are the polar angles and ϕ the azimuthal angles of the vectors with respect to the chosen z axis. To guarantee that the integration points are selected consistently with respect to the z axis, we have used the law of sines of elementary geometry:
sin(π − θ 2 ) where the angles are shown in Fig. 7 . Using the above equalities by reminding that cos θ 2,(1 +p) = cos θ 2 cos θ 1 +p + sin θ 2 sin θ 1 +p cos(ϕ 2 − ϕ 1 +p ) and |k 1 +k p | cos θ 1 +p = cos θ 1 + cos θ p and that the z axis is directed along the vector k 1 + k p − k 2 so that φ 2 − φ (1 +p) = 0, we finally derive the expression below in which all angles are counted with respect to the chosen z axis and integration over them can be performed numerically: 
